Abstract. Both atmospheric modeling and spacecraft imagery of Mars are now of sufficient quality that the two can be used in conjunction to acquire an understanding of regional-and local-scale aeolian processes on Mars. We apply a Mars MM5 model runs do not predict stresses above the saltation threshold for dune sand of the appropriate size and composition. As with previous work, the calculated wind velocities are too low, which may be caused by too large a grid spacing.
the crater because the tertiary winds, enhanced by topography, counter transport from the oppositely oriented primary winds, which originally carried sand into the crater. The dust devil tracks are caused by light spring and summer westerly winds during the early afternoon caused by planetary rotation. The secondary dune slipface direction is not predicted by model results from either the Mars MM5 or the GFDL Mars GCM. The reason for this is not clear, and the wind circulation pattern that creates this dune slipface is not well constrained. The Mars MM5 model runs do not predict stresses above the saltation threshold for dune sand of the appropriate size and composition. As with previous work, the calculated wind velocities are too low, which may be caused by too large a grid spacing.
Introduction
The dominance of wind action over other contemporary surface processes on Mars became evident during the Mariner 9 mission in 1971 -1972 [e.g., McCauley et al., 1972 Sagan et al., 1972; Smith, 1972; Cutts and Smith, 1973; Arvidson, 1974] .
Wind circulation patterns determine the location and magnitude of sources, sinks, and transport pathways of particulate materials. Because of this coupling between surface materials and the atmosphere, the study of one is not complete without the study of the other. In particular, dune morphology is dependent on winds that are strong enough to saltate sand. Thus a study of dune morphology leads to an understanding of the orientations of strong local winds. Furthermore, there are few wind measurements available for use as "ground truth" of atmospheric models. Aeolian features are often aligned with the winds that formed them, providing the only indicator of surface wind direction than spans the globe. Thus a comparison of modeled wind predictions with orientations of surface features is the only current verification technique for both the modeled surface winds and the applied boundary layer scheme. It is the atmospheric counterpart to surficial geology that is discussed in this work.
Shortly after the discovery of sand dunes on Mars, experimental work in wind tunnels began in order to better understand the physics behind sand saltation under Martian atmospheric conditions [Iversen et al., 1973; Iversen et al., 1976] . The results indicate that there are many differences in the mechanics of saltation on Mars and Earth. Greeley et al. [1980] found that threshold friction speeds an order of magnitude larger than those measured on the Earth are required to move similarly sized sand grains on Mars (u *t of 0.22 m s -1 for Earth versus 2.2 m s -1 for Mars). Iversen and White [1982] improved on previous work, producing new empirical relations for threshold friction speeds. They found that saltating particles on Mars would have longer path lengths than those on Earth, and that this parameter varies with temperature and atmospheric conditions. In addition,
White [1979] showed that although it takes stronger winds to saltate sand on Mars, once saltation begins, the sand flux on Mars would be significantly higher than that on Earth. Now that sand grain sizes and compositions are being constrained using Thermal Emission Spectrometer (TES) data from the Mars Global Surveyor (MGS), a more precise estimate of saltation threshold stresses may be utilized in detecting sand saltation and calculating sand mass fluxes.
In the last decade, atmospheric models have been applied in conjunction with the results from wind tunnel experiments to better understand aeolian processes on Mars. Greeley et al. [1993] used a Mars general circulation model (GCM) to study the correlation of surface wind patterns to aeolian features with measurable wind orientations. They found that bright depositional streaks correspond well to the southern summer Hadley circulation, but that dark erosional streaks and yardangs did not agree well with any modeled winds above the saltation threshold. Fenton and Richardson [2001b] later found that a higher time resolution (hours rather than days) in a Mars GCM resolved the nighttime winds that correlated well with dark erosional streaks, implying that temporal and spatial resolution in models is one of the keys to understanding some of the previously unexplained aeolian features.
Yardang orientations remain unaligned with current winds, but some of these features may be so old that they were formed under ancient and unconstrained wind conditions that cannot be properly modeled without further information.
Other applications of modeling the Martian surface on a regional or global scale have included finding bimodal winds in an area where longitudinal dunes indicate such a wind regime should exist [Lee and Thomas, 1995] ; locating global sand sources and sinks [Anderson et al., 1999] ; and looking for changes in surface wind patterns caused by variations in orbital parameters [Fenton and Richardson, 2001b] .
With the advent of mesoscale atmospheric models, the circulation of a small region can be examined in high-resolution detail for the first time. These models can be used in concert with spacecraft data, and in particular MOC NA (Mars Orbiter Camera Narrow Angle) images, which can provide detailed wind orientations at the scale of tens of meters. Comparing the two provides not only a verification of the mesoscale model and the GCM to which it is coupled, but also an understanding of the source of the winds that influence the surface. This in turn can lead to a better understanding of landscape morphology and the sources and sinks of mobile material. Recently, a mesoscale model has been applied over a crater and a valley, demonstrating that topographic and diurnal effects dominate the local windflow on Mars [Greeley et al., 2001] . A mesoscale model applied over the Antarctic ice sheets has recently been used as an analog to the north polar residual ice cap on Mars in order to explain the presence of most of the surface features [Howard, 2000] . Mesoscale airflow has been modeled over a typical crater to show that the highest wind stresses correlate with the downwind crater rim, consistent with erosion patterns observed in small craters [Kuzmin et al., 2001] . It has become clear that models with both higher spatial and temporal resolution are necessary to understand local and even regional wind patterns.
This work is the second of two papers describing aeolian processes in Proctor
Crater, a 150 km diameter crater in the ancient cratered highlands of Noachis Terra (see Fig. 4 .1). Crater floor. Using sand grain density and particle sizes estimated in Paper 1 we discuss the likelihood of sand lifting under the predicted wind conditions.
MOC NA Observations of Proctor Crater Dunes

Measured Orientations
Wind orientations are visible in at least three different types of aeolian features: in the large dark dunefield in the center of the crater floor, in dust devil tracks that cover the floor during the spring and summer, and in small bright duneforms that are nearly ubiquitous on the crater floor. Each type of feature indicates a different time scale, indicating either recent or ancient winds. For example, dust devil tracks form and are subsequently obliterated each year, and therefore the winds that move dust devils downwind must be currently active. However, the large dark dunes may move on timescales of thousands of years or more, and thus may reflect older winds. Some of the bright duneforms may be ancient stabilized features, possibly indicative of winds dating to hundreds of thousands of years or more. Each type of feature and the wind information it provides is discussed in detail below. A summary of the results is presented in Table 4 .1.
Dark Dunes.
As discussed in Paper 1, the dark dunefield in the floor of Proctor Crater (see Fig. 4 .1) displays three slipface orientations. Slipfaces are produced by two processes. In the lesser process, grains are deposited by a sandladen wind, coating the lee side of a dune. However, the morphology of the lee side of a dune is usually dictated by sand flow, produced by the avalanching of sand which is oversteepened by the downwind movement of sand from the stoss (windward slope). Continued avalanching produces the characteristic slipfaces that are used both to identify dunes and to determine the wind orientation, because slipfaces are always oriented transverse to the wind (i.e., they dip downwind). between 0º and 180º, thus avoiding the directional ambiguity. Although there is a wide distribution is track orientations, they generally tend to cluster between 45º and 135º. The mean orientations in each image are always near 90º. Both of these observations are consistent with the WSW-ENE orientation shown in Fig. 4 .2b.
Thus, according to the MOC NA images, there is no observable change in dust devil orientation in Proctor Crater during the year, indicating that the mean daytime wind direction during the spring and summer and possibly during the winter is fairly constant.
Bright duneforms. Bright duneforms cover much of the floor of Proctor
Crater. They are visible in the interdunes in the large dark dunefield, indicating that these features were present before dark sand entered the crater. Although they are an order of magnitude smaller than the dark dunes, they are relatively immobile, indicating that they are either smaller stabilized dunes or very large granule ripples. The TES bolometric albedos of these features range from 0.12-0.14, making them "bright" relative to the dark dunes that have an albedo ranging from 0.06-0.12. For these reasons, they are referred to in this work as "bright duneforms" or "bright bedforms." They are most likely some sort of ripple, because there is an example shown in Paper 1 of a large dark barchan eroding bright duneforms as it slowly migrates by, only to have a few small features similar to the bright duneforms reform in its wake after it passed by. If these duneforms are in fact small dunes, then they would quickly migrate by the large dark dunes in an active wind regime. If most of the bright duneforms are simply stabilized dunes, then these features could not be recreated after being destroyed, as observed. Therefore these features are most likely very large granule ripples, which may migrate more slowly than dunes and yet still remain active.
The bright duneforms seem to be symmetric with no obvious slipfaces at the resolution of MOC NA images, making it difficult to determine whether they are aligned parallel or transverse to the local winds. Granule ripples tend to be transverse to the wind [Sharp, 1963] , so if these features are ripples, as proposed, then they are probably transverse as well. Figure 4 .2c shows a rose diagram of the along-crest direction of the bright duneforms. If they are transverse then they were formed by winds from either the WSW or the ENE. These directions are consistent with both the primary and tertiary slipfaces found in the dark dunes. It is possible that where the primary winds dominate, the bright duneforms were created by winds from the WSW, and that where the tertiary winds dominate, the bright duneforms were created by winds from the ESE. Some of the bright duneforms may be ancient features, far older than the dark dunefield. If this is the case then they reflect ancient winds, indicating that wind circulation patterns have changed little since they were created.
Annual Slipface Reversal
Although dune slipface orientations show the predominating wind directions that influence the dunefield, they do not indicate the season or time of day in which these winds blow. In fact, without evidence for recent dune movement, it is difficult to prove conclusively that these slipfaces were not formed by ancient winds that no longer blow, and that the dunes are not largely dormant. The paucity of erosional features on the dunes supports the idea that the dunes are not stabilized, relic features. In addition, movement of dunes the size of those in the Proctor dunefield could take a century or more to identify using data with the currently available image resolution, and thus their lack of movement cannot be used to conclude that they are stabilized. from the southwest (the primary winds) blew sand from the main dunefield to the northeast, where it halted upon encountering east-northeasterly winds (the tertiary winds), which only influence the eastern part of the dunefield. Here the dark sand is largely balanced between the primary and tertiary winds, producing reversing transverse dunes common to the dunefield.
In Paper 1, bright material was described on slipfaces of double-sided barchans at the eastern edge of the dunefield. This bright material was attributed to the erosion of nearby underlying bright bedforms, which have a rounded appearance consistent with deflation and abrasion. It is only off the eastern edge of the dunefield that the bright bedforms have this rounded appearance, and it is only at the eastern edge of the dunefield that the dark barchans display bright slipfaces.
This bright material cannot be residual frost because it is visible even in summertime images, when the surface is far too warm to support either CO 2 or NA frame in which it was found. The red lines mark the three mean and standard deviation dune slipface directions. Reading from this plot, the primary slipfaces are active throughout fall and winter, and the tertiary slipfaces are active during spring and summer. MOC frame M0702777 from L s = 206.68º appears to have bright material on both slipfaces, and likely indicates a transition time between the two seasonal wind regimes. As discussed next, the modeled winds reflect the activity of these slipfaces.
Mesoscale Modeling of Surface Winds
The Mars MM5
Mesoscale atmospheric models are tools that have recently been made applicable to Martian conditions. These models function similarly to Mars GCM's, but they can examine atmospheric patterns that vary from the synoptic (1000's km) down to the microscale (10's m). We ran twelve 10-day simulations equally distributed around the Martian year.
Twenty-four pressure levels were defined, from near the surface (~50 m height)
to the top at ~80 km above the surface. Horizontally, we used a 50 x 50 horizontal point grid with a resolution of 10 km. The grid was centered on Proctor Crater and it extended more than one crater diameter in each direction to avoid potential edge effects. The timestep used in the simulations was 5 seconds, and parameters such as wind velocity and stress were saved once every hour as instantaneous values. In the past, hourly averaged values have been commonly used to provide a representative set of parameters. However, in this case the instantaneous values at the top of each hour were used instead to avoid washing out varying parameters that can be caused by using mean values.
Model Results
Seasonal Winds.
Because the strongest daily winds are those that will move the most sand, it is these winds that will most affect dune morphology.
Therefore we first discuss the orientations of the winds with the strongest daily stresses. These maximum winds are shown in Fig. 4 .6 as a function of L s and wind orientation. Daily maximum winds are indicated by black boxes with sizes that correspond to wind stress, which is discussed in more detail in Section 3.2.3.
The time of year included in each model run is shown as a blue shaded strip. The three mean wind directions observed in the dunefield and their standard deviations are indicated and labeled in red.
winds come from the west and west-southwest. Spring and summer winds blow from the east-northeast, but they are weaker than their fall and winter counterparts. The fall and winter winds correspond well with the primary dune slipfaces, and they are most likely responsible for both the dune slipfaces and the The winds in general are stronger during the winter, which likely indicates why they produce the most common slipfaces in the dunefield. However, the tertiary winds appear to dominate on the eastern edge of the dunefield, where these slipfaces are larger and the outlines of the barchan dunes appear to emphasize the tertiary winds. Further examination of the physics of saltation may explain why the tertiary winds have more control over the dunes they affect than the primary winds (see Section 3.2.3).
The secondary winds, from the ESE, are absent from Fig. 4 .6. They are also absent from the dunes in Fig. 4 .4, but this is on the eastern edge of the dunefield where slipfaces oriented with secondary winds are not present. It is not clear why the ESE winds do not appear as the strongest winds at some point of the year, but it may be that they are produced by slightly weaker winds at some point during the day that does not appear in Fig. 4 .6. Therefore, before we can state that the model does not predict the secondary winds, we must discuss wind orientation and strength as a function of time over the course of the day.
Daily Winds.
To understand changes in winds during the day, we saved hourly winds when running Mars MM5 over Proctor Crater. The strongest daily winds correspond to two of the three observed dune slipface directions, but they do not explain the missing secondary winds that produce another dune slipface direction in the dunefield. They also do not explain the orientation of dust devil tracks during the spring and summer, which seem to be oriented 180º from the strongest winds during that season. Hourly winds during each model run show much more detail than in Fig. 4 .6. The origins of the observed winds are discussed below in Section 3.2.4. Fall and winter winds that are aligned with primary winds are the strongest of the year, and they blow during the afternoon. Winds from the WSW occur throughout the year, but they become much stronger during the fall and winter.
Thus a weak WSW produces dust devil tracks during the spring and summer, and a strong WSW wind creates slipfaces during the fall and winter. None of the daily winds indicate any alignment with slipfaces oriented to secondary winds, suggesting that perhaps these winds no longer blow. However, the slipfaces made by ESE winds are crisp and uneroded, implying that they probably not relics of an old wind regime. There are winds that briefly align with these secondary winds during the time of transition between the winter and summer circulation patterns (see Fig. 4 .7 at L s = 352º-358º and 172º-178º) and in the late afternoon during the summer (see Fig. 4 .7 at L s = 232º-239º, 262º-269º, and 292º-298º). But these winds are not strong and do not appear to be part of any persistent and unidirectional wind pattern. It may be that a full year's run would produce a time when the secondary winds dominate, although the model runs here appear to be fairly representative of modeled winds throughout the Martian year.
Wind Stresses.
Although the modeled winds may align with observed wind features, only winds above a particular threshold stress value are strong enough to initiate saltation. Some wind features, such as dust devil tracks, do not rely on sand saltation, and in these cases the modeled stress is not a directly relevant parameter. However, saltation initiation is important for explaining features such as dunes, which are morphologically controlled solely by sand saltation. Iversen and White [1982] conducted wind tunnel experiments, finding an empirical relation for the saltation threshold under Martian atmospheric conditions. They found that the threshold varied as a function of particle size, particle density, atmospheric temperature, and atmospheric pressure. Because the saltation threshold is sensitive to so many parameters, it is crucial to constrain these values in order to determine whether the mesoscale model truly predicts the saltation of sand within the Proctor Crater dunefield.
In Paper 1, thermal inertia values derived from TES led to an estimated effective sand grain size for the Proctor Crater dunes of 740 ± 170 µm. In addition, the compositional analysis described in Paper 1 indicated that the dunefield is almost exclusively composed of basalt grains, where the basalt is inferred from the identification of pyroxene and plagioclase in TES spectra. In this work we assume the grains have a density typical of terrestrial basalt (3200 kg m -3 ), although it is possible that the sand could be composed of grains with a lower bulk density (e.g., scoria). Modeled surface air pressures and air temperatures vary with local time and season. In the early afternoon during the southern winter solstice, when the primary winds dominate over all other winds crossing the dunefield, the air temperature is ~155 K and the air pressure is 6 mbar. In the evening hours during the southern summer solstice, when the tertiary winds blow, the air temperature is ~235 K and the air pressure is 6 mbar. It is interesting to note that the daytime winter air pressure is roughly equivalent to the evening summertime air pressure. Figure 4 .8a shows the saltation stress threshold for 740 µm diameter basalt grains at an air pressure of 6 mbar as a function of near-surface air temperature based on the relation by Iversen and White [1982] . The upper curve indicates the fluid stress threshold, or the stress required by the air alone to lift grains in to saltation. The lower curve indicates the impact stress threshold, or the stress necessary to saltate grains from the impact of already saltating grains. The impact stress threshold may be considered roughly equivalent to ~0.8 that of the fluid stress threshold [Bagnold, 1941; Andersen and Haff, 1988; Toigo et al., 2002a] .
Because movement from such impacts is the mechanism that causes most grains to saltate, the impact stress threshold is considered to be the most representative threshold stress value. Figure 4 .8a shows the estimated threshold stress values for typical conditions under which both the primary and tertiary winds blow. In the winter the stress required to lift the dune sand is 1.5 times that required in the summer, indicating that conditions leading to saltation vary with the seasons in Proctor Crater. This difference may explain why the tertiary winds dominate over the primary winds in dune morphology on the eastern edge of the dunefield, as discussed in Section 2.1.1. Even though the winter winds are stronger than the summer winds that are aligned with the Tertiary slipfaces (see Fig. 4.7) , the lower threshold stress during the summer suggests that these winds may be relatively more effective in moving sand.
Although winds predicted by the Mars MM5 are well aligned with two observed slipface orientations, the calculated wind stresses are not high enough to predict sand saltation. Figure 4 .8b shows the maximum calculated wind stresses over the dunefield in each of the twelve model runs. Even though the winter winds are the strongest of the year, they are still not above the lower summertime saltation
threshold. There are a number of reasons why the model may not be predicting winds that are strong enough to saltate sand. The first and most obvious reason is that the grid spacing of 10 km by 10 km is too large to capture local wind gusts, with each grid point representing an average predicted wind over a 100 km 2 area.
This is a problem that has plagued modelers applying GCM wind predictions to sand saltation [e.g., Greeley et al,. 1993; Anderson et al., 1999; Toigo et al., 2002b] . A recent sensitivity study of model resolution in a terrestrial mesoscale model indicates that predicted wind stresses are more accurate at higher resolutions in which the topography is better defined [Liu and Westphal, 2001] . Thus model resolution appears to be a significant factor in predicting wind strength, and this may be the case for our model runs as well. A second possibility is that during the model runs, although the timestep was 5 seconds, we only outputted winds from the top of each hour to conserve disk space. It may be that winds above the saltation threshold would have been captured if instead the strongest winds of each hour were considered, because rare wind gusts may produce saltation. We consider the 10 km scale of the model runs in this work to be the source of the problem of weak winds. The air spills beneath this lighter air into the crater in a katabatic flow, accelerating down and across the crater floor. It is these winds that explain why sand has become trapped in Proctor Crater: the primary winds blew sand into the crater from the WSW, but the sand stopped when it encountered the tertiary winds from the ENE that effectively stop dune migration to the east. Sand outside the crater does experience ENE winds at this time of year, but on the intercrater plains these winds are not enhanced by topography as they are in the floor of Proctor Crater, and so sand did not accumulate on the intercrater plains.
Spatial Variation and
Material that was not trapped in craters in Noachis Terra most likely continued to migrate downwind and was likely trapped in the Hellas basin to the east.
Another way to show the spatial distribution of wind orientations across the dunefield is to show rose diagrams for each grid point in the model run. A better way to emphasize the variation in wind variation is to subtract from all grid points the histogram from a single control grid point. When the control point is subtracted from the rose diagrams, more detail appears (see Fig. 4 .10d). The tertiary winds from the ENE influence the eastern portion of the dunefield, which is consistent with the distribution of the tertiary dune slipfaces. The northwesterly wind that appeared in Fig. 4 .10a and 4.10b appears again on the eastern edge of the dunefield, again reflecting frequent but weak winds that cannot saltate sand.
On the northwest edge of the dunes, there are signs of winds that are aligned with the mysterious secondary winds. This is the portion of the dunefield in which the secondary-facing dune slipfaces dominate. The ESE winds in Fig. 4 .10d are caused by winds in transition from one dominant direction to another. For example, modeled winds correlate with the secondary winds in the late afternoon during spring and summer as winds shift from the early and mid afternoon WSW winds that produce dust devil tracks to the evening ENE tertiary winds (see Fig. 4 .7b-d). In addition, modeled winds aligned with the secondary winds occur in the evening during the seasonal transition from the winter to summer wind regime (see Fig. 4 .7a and 4.7l) and again during the transition from the summer to the winter wind regime (see Fig. 4 .7f). The winds are not strong in either case, and they do not persist in the direction of the secondary winds for any length of time. Thus although some winds aligned with the secondary winds are predicted by the model, they are not likely responsible for forming the observed slipfaces.
Discussion and Conclusion
The Mars MM5 model runs predict and explain the wind patterns behind two of three observed dune slipface orientations as well as dust devil track orientations.
However, it does not produce winds matching a third dune slipface orientation of any strength or duration. One possible explanation for the missing secondary winds is that the Mars MM5 model runs covered too small a domain and thus did not account for regional effects that might influence wind directions, such as the 
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